Objective: To examine whether engagement in physical activity might favorably alter the agedependent evolution of Alzheimer disease (AD)-related brain and cognitive changes in a cohort of at-risk, late-middle-aged adults.
Results: There were significant age 3 physical activity interactions for b-amyloid burden (p 5 0.014), glucose metabolism (p 5 0.015), and hippocampal volume (p 5 0.025) such that, with advancing age, physically active individuals exhibited a lesser degree of biomarker alterations compared with the physically inactive. Similar age 3 physical activity interactions were also observed on cognitive domains of Immediate Memory (p 5 0.042) and Visuospatial Ability (p 5 0.016). In addition, the physically active group had higher scores on Speed and Flexibility (p 5 0.002) compared with the inactive group.
Conclusions: In a middle-aged, at-risk cohort, a physically active lifestyle is associated with an attenuation of the deleterious influence of age on key biomarkers of AD pathophysiology. However, because our observational, cross-sectional design cannot establish causality, randomized controlled trials/longitudinal studies will be necessary for determining whether midlife participation in structured physical exercise forestalls the development of AD and related disorders in later life. Neurology ® 2014;83:1753-1760 GLOSSARY Ab 5 b-amyloid; Abi 5 b-amyloid indeterminate; AD 5 Alzheimer disease; DVR 5 distribution volume ratio; FDG 5 18 Ffluorodeoxyglucose; FH 5 parental family history; MET 5 metabolic equivalent; MNI 5 Montreal Neurological Institute; PCC 5 posterior cingulate cortex; PiB 5 11 C-Pittsburgh compound B; WRAP 5 Wisconsin Registry for Alzheimer's Prevention.
Animal models of Alzheimer disease (AD) show that physical exercise represents an efficacious means for favorably altering not only cognitive trajectories but also underlying pathophysiologic processes, including b-amyloid (Ab) burden, tau phosphorylation, and neuronal loss. [1] [2] [3] Whereas the beneficial effects of exercise on cognition in older adult humans have been well studied, 4 investigations of the influence of exercise on AD biomarkers have only just begun. The emerging evidence suggests that higher levels of physical exercise/fitness are associated with preserved brain volume in AD-vulnerable structures, [5] [6] [7] reduced Ab burden, [8] [9] [10] and possibly lowered intracellular tau protein 8 (but see references 11 and 12 for divergent findings). Of note, an evolving body of work indicates that exercise modifies age-associated alterations in AD-vulnerable brain structures. 2, 13, 14 This is of considerable significance given that age is widely recognized as the most critical determinant of the accumulation of AD-related pathology, 15, 16 and the strongest risk factor for the ultimate manifestation of symptomatic AD. 17, 18 If indeed physical activity ameliorates age-related changes in AD biomarkers, it raises the exciting possibility that exercise might have a pivotal role in the prevention of AD.
In this study, we investigated whether engagement in physical activity attenuates age-associated alterations in fibrillar Ab, cerebral glucose metabolism, hippocampal volume, and cognitive function-core biomarkers of the AD pathophysiologic process 19 -in a cohort of at-risk, late-middle-aged adults. We begin by first comparing the relative influence of age, parental family history (FH) of AD, and APOE e4-the 3 established risk factors for AD-on interindividual variation in these biomarkers.
METHODS Participants. Three hundred seventeen cognitively normal adults from the Wisconsin Registry for Alzheimer's Prevention (WRAP) participated in this study. The WRAP is a longitudinal registry of approximately 1,500 middle-aged adults who were cognitively healthy and between the ages of 40 and 65 years at study entry. 20 Cognitive normalcy was adjudicated based on intact performance on a comprehensive battery of neuropsychological tests, absence of functional impairment, and absence of neurologic/psychiatric conditions that might impair cognition. 20 All 317 participants completed a physical activity questionnaire, neuropsychological evaluations, and MRI brain scans. A subset also underwent 11 C-Pittsburgh compound B (PiB, n 5 186) and 18 F-fluorodeoxyglucose (FDG, n 5 152) imaging. All participants who had PET imaging also had MRI. And, with the exception of 3 individuals, all participants who had FDG imaging also had PiB imaging.
Standard protocol approvals, registrations, and patient consents. The University of Wisconsin Institutional Review
Board approved all study procedures and each subject provided signed informed consent before participation.
Physical activity measurement. Participants completed the
Women's Health Initiative physical activities questionnaire. 21 The questionnaire assesses current frequency and duration of walking outside the home for .10 minutes without stopping, and of engagement in mild (e.g., slow dancing, golf), moderate (e.g., calisthenics, easy swimming), and vigorous (e.g., jogging, aerobics) exercise. For walking, frequency ranged from rarely to $7 times/week and duration ranged from ,20 minutes to $1 hour/session. For mild, moderate, and vigorous exercises, frequency ranged from none to $5 days/week whereas duration ranged from ,30 minutes to $1 hour/session. Following established protocol, 21 the midpoint of reported frequency and duration for each exercise category were multiplied to create respective "hours/week" measures. Next, these hours/ week measures were assigned metabolic equivalent (MET) weights as follows: for walking, casual speed 5 0, average 5 3, fast 5 4, and very fast 5 4.5; mild exercise 5 3, moderate 5 4, and vigorous 5 7. This yielded MET-hours/week measurements for each exercise intensity level. 21 Finally, all 4 MET-hours/week variables were summed to create a total physical activity score. Because this total physical activity score was severely skewed even after transformation, and to make our analyses more clinically meaningful, participants were classified as physically active (n 5 238) or inactive (n 5 79) based on whether their total physical activity score was $7.5 MET-hours/week, which approximates current American Heart Association recommendation of 30 minutes of moderate exercise for 5 days/week. 8, 9, 22 Neuroimaging protocol. Details on the acquisition and postprocessing of the PET and MRI examinations have been previously described. 23 Briefly, 3-dimensionsal PET data were acquired on a Siemens EXACT HR1 scanner (Siemens AG, Erlangen, Germany). PiB imaging consisted of a 6-minute transmission scan and a 70-minute dynamic scan upon bolus injection. FDG imaging was done per Alzheimer's Disease Neuroimaging Initiative protocol 24 and involved a 30-minute scan acquired 30 minutes after bolus injection. Postprocessing for both PiB and FDG was based on an in-house automated pipeline. 25 We derived distribution volume ratio (DVR) maps from the PiB images using the Logan method, with a cerebellar gray matter reference. 26 Three-dimensional MRIs were acquired on a GE x750 3.0T scanner (GE Healthcare, Waukesha, WI) using a spoiled gradient recalled echo sequence. Participants completed the imaging examinations within 5.79 6 4.95 months of the physical activity questionnaire.
To enhance clinical applicability and allow for the possibility of regional heterogeneity in Ab deposition within this age range when Ab burden may only be emerging, we determined amyloidosis via visual rating of the DVR maps. Specifically, after an initial assessment of a subset of images by 3 blinded raters yielded high inter-and intrarater reliability (intraclass correlations .0.95), a similarly blinded single rater visually rated all images on the intensity and pattern of cortical amyloid binding. 23 Scans were deemed (1) Ab negative (Ab2) if there was no cortical Ab or only nonsignificant patchy/diffuse cortical Ab not resembling an AD pattern; (2) Ab indeterminate (Abi) if there was PiB binding in at least 3 cortical lobes resembling an AD pattern but less intense than an overtly positive scan; or (3) Ab positive (Ab1) when there was unambiguous, AD-like, PiB binding in the cortex. 23 Of the 186 individuals with PiB data, 74 were classified as Ab2, 77 were Abi, and 35 were Ab1. For FDG, we focused on the posterior cingulate cortex (PCC), a well-established inception site for AD-related neurometabolic alterations, 19 and sampled FDG uptake values from it (normalized to whole-brain uptake) using the PCC mask within the Alzheimer's Disease Neuroimaging Initiative FDG Meta-ROI suite. 27 We measured hippocampal volume from the MRIs using FreeSurfer version 5.1.
Neuropsychological assessment. Participants completed a comprehensive neuropsychological battery that has been previously shown to segregate into 6 cognitive factors 28, 29 : Immediate Memory (Rey Auditory Verbal Learning Test trials 1 and 2); Verbal Learning and Memory (Rey Auditory Verbal Learning Test trials 3-5 and Delayed Recall); Working Memory (Digit Span and Letter-Number Sequencing subtests of the Wechsler Adult Intelligence Scale-3rd edition); Speed and Flexibility (Stroop Color-Word Interference and Trail Making Test); Visuospatial Ability (Block Design and Matrix Reasoning subtests of the Wechsler Abbreviated Scale of Intelligence and Benton Judgment of Line Orientation); and Verbal Ability (Vocabulary and Similarities subtests from the Wechsler Abbreviated Scale of Intelligence, Boston Naming Test, and Reading subtest of the Wide-Range Achievement Test-3rd edition). To minimize multiple comparisons, these factor scores, rather than the component cognitive tests, were interrogated in the present analyses. Participants completed these cognitive tests during the same study visit as the physical activity questionnaire.
Vascular risk factors. Participants completed a health history
questionnaire that included questions about cardiovascular disease. They also underwent a clinic visit that comprised anthropometric measurements, blood pressure readings, and phlebotomy for laboratory tests implicated in vascular disease.
Statistical analyses. Group differences on demographic and vascular measures were tested using independent samples t test or x 2 analyses. To determine the relative influence of age, FH, and APOE e4 status on our imaging and cognitive measures, we fitted a series of linear (for hippocampal volume, FDG, and cognitive factors) or logistic (for PiB rating) regression models that were adjusted for relevant covariates such as sex, education, intracranial volume, and global FDG uptake as applicable. To address the primary aim of this study, i.e., the modulation of age-associated alterations in AD biomarkers by physical activity, we fitted covariate-adjusted linear or logistic regression models in which the term of primary interest was the interaction between age and level of physical activity (i.e., active vs inactive). Where significant, this term would indicate that the deleterious effect of age on these biomarkers is modified by physical activity. To facilitate the interpretability of the interaction terms, age was treated as a dichotomy (,60 [younger] vs $60 [older]) during model fitting. In addition, for all the logistic regression models, we collapsed the Ab2 and Abi groups into one group such that the regression coefficients indicated the likelihood of being unambiguously Ab1. Alternative groupings (e.g., Ab1 vs Ab2, Ab1 vs Abi vs Ab2) were explored and results were not substantively changed. All analyses were performed using SPSS 20.0 (IBM Corp., Armonk, NY) or SAS 9.2 (SAS Institute, Cary, NC). Only findings with a 2-tailed p value #0.05 were considered significant.
RESULTS Background characteristics. The groups did not differ on any demographic variable or imaging biomarker. Although the inactive group had higher depressive symptoms, their mean score on this measure was well below the cutpoint (i.e., 16) for clinical depression. 30 The inactive group also exhibited worse scores on measures of body habitus, high-density lipoprotein, and insulin resistance (table 1). Our primary analyses were rerun, controlling for these 4 potentially confounding factors.
AD risk factors and interindividual variation in AD biomarkers. As expected, age made a greater contribution to between-person variability in all biomarkers compared with FH and APOE e4. The only exceptions were the Verbal Ability composite (wherein FH was more influential) and the Working Memory composite, which was not influenced by any of the 3 risk factors (table 2) . To further validate these findings, especially given the apparently modest influence of FH and APOE e4, the data were reanalyzed using a series of 2-block hierarchical regression in which relevant covariates (e.g., sex and Values are mean (SD) unless otherwise specified. a For PiB, total n 5 186, physically inactive n 5 52, physically active n 5 134; for FDG, total n 5 152, physically inactive n 5 41, physically active n 5 111. PiB-PET DVR data were extracted from a precuneus region of interest. FDG-PET data were extracted from a posterior cingulate region of interest.
global FDG, for the PCC FDG model) were forceentered in block 1, with age, FH, and APOE e4 stepwise-entered in block 2. Results from this set of analyses were consistent with the original findings, i.e., across all models, age was the only variable selected for entry in block 2, with the following exceptions: for PiB, APOE e4 was also selected for entry after age; for Verbal Ability, only FH was selected for entry; and for Working Memory, neither age, nor FH, nor APOE e4 was selected.
Physical activity ameliorates age-associated biomarker alterations. Table 3 and the figure present the results of the analyses that investigated whether physical activity attenuates the deleterious effect of age on AD biomarkers. The linear regression models revealed age 3 physical activity interaction effects for FDG, hippocampal volume, Immediate Memory, Visuospatial Ability, and a trend for Verbal Ability. Follow-up simple main effects analyses revealed 2 patterns of within-group age effects, all favoring the active group. Pattern A (observed for FDG and Immediate Memory) consisted of an age effect, e.g., increased age associated with reduced FDG, within the inactive group, that was not seen within the active group. Pattern B (observed for hippocampal volume and Visuospatial Ability) consisted of an age effect, e.g., increased age associated with decreased hippocampal volume, within both groups. However, this effect was attenuated in the active group (43% less for hippocampal volume and 38% less for Visuospatial Ability) relative to the inactive group. Of note, the significance of the age 3 physical activity interaction term in each model remained essentially unaltered after additional adjustment was made for the potentially confounding vascular and mood measures: FDG (p 5 0.015), hippocampal volume (p 5 0.021), Immediate Memory (p 5 0.051; originally 0.042), and Visuospatial Ability (p 5 0.019). The logistic regression model for determining whether physical activity attenuates the association between age and unambiguous Ab aggregation was fit with the Firth penalized likelihood method 31 because of the quasi-separation in the dataset caused by a cell (younger, inactive, and Ab1) with 0 count. As recommended, 31 statistical significance was assessed using likelihood ratio testing. The age 3 physical activity term was statistically significant (Dx 2 1 5 6.03, p 5 0.014). Follow-up simple main effects analyses revealed that, within the inactive group, increased age was associated with higher odds of being Ab1, whereas within the active group, the age effect was absent (i.e., pattern A finding). This finding persisted upon adjustment for the 4 potentially confounding covariates noted earlier. We repeated the PiB analyses with quantitative DVR data extracted using a 3-mm-radius sphere placed around the nexus of most overt amyloidosis in our cohort (MNI x, y, z coordinates [28, 266, 52] , precuneus). 32 We observed an age Lastly, as exploratory analyses, we deleted the age 3 physical activity term from those models DISCUSSION This study showed that, in a latemiddle-aged cohort at risk of AD, physically active individuals experienced less age-related alterations in Ab deposition, glucose metabolism, hippocampal volume, Immediate Memory, and Visuospatial Ability compared with physically inactive persons. These internally replicated findings are novel given that no prior studies have tested whether physical activity might attenuate the adverse relationship between age and putative AD pathology using an array of core AD biomarkers and a unique cohort of at-risk middle-aged adults. Even so, we note that we are unable to definitively establish the directionality of these observed effects given the observational, cross-sectional nature of our design. This study also found that age was, overall, more influential than FH and APOE e4 in explaining interindividual variation in these AD biomarkers.
A large body of work, including observational and intervention studies, has shown that physical activity is beneficial for maintaining cognitive function and delaying the onset of AD and related diseases among older adults. 4, 33 However, it is only recently that studies have begun to investigate the potential effects of physical activity on biological markers of the pathophysiologic cascade associated with AD. A landmark study 6 demonstrated that aerobic training engenders increased hippocampal volume, confirming initial reports of augmented hippocampal angiogenesis/neurogenesis 34 and perfusion 35 after structured aerobic training. Other investigations 5, 7 have similarly reported associations between cardiorespiratory fitness, an index of habitual physical activity, and hippocampal volume.
Although hippocampal atrophy is a common phenotype of AD, it is not pathognomonic given that it is also observed in other clinical syndromes. 36, 37 Therefore, more recently, there has been an interest in determining whether physical activity modulates more elemental hallmarks of AD, such as Ab aggregation. Some studies found that older adults who frequently engaged in physical activity exhibited reduced Ab 8210 and tau 8 abnormalities compared with their less active peers, whereas other reports 11, 12 failed to detect such effects. Our study extends these earlier investigations in several important ways. First, we studied a unique, well-characterized cohort of latemiddle-aged adults, the majority of whom harbor key risk factors for AD (73.8% with FH of AD and 40.1% APOE e4 positive). Second, compared with these prior studies, which mostly focused on Ab, our study examined an array of the major biomarkers of AD pathophysiology. 19 Third, our sample size is considerably larger than most prior studies, conferring added validity to our findings. Finally, this study shows novel associations indicative of an ameliorative role for physical activity vis-à-vis age-related pathophysiologic alterations in the AD cascade. These associations provide confirmatory support for earlier preliminary reports suggesting that physical activity retards aging-induced brain atrophy in older adults. 13, 14 Not surprisingly, our examination of the comparative influence of age, FH, and APOE e4 on the AD biomarkers revealed that age explained a greater proportion of the interindividual variation in these biomarkers. Although, to our knowledge, no prior study has directly investigated the relative degree to which these 3 cardinal risk factors for AD influence in vivo biomarker abnormalities, prior epidemiologic and autopsy studies have highlighted the singular role that age plays in AD incidence and neuropathology. For example, an early population-based study revealed that the age-specific incidence of AD is nearly 14 times higher in the 85 years and older age group compared with the 65 to 69 group, 17 a finding that has since been replicated in several studies. 18 Similarly, autopsy studies have demonstrated that there is a strong age gradient to the frequency and severity of Ab deposits and neurofibrillary tangles, 15 and that the effect of APOE e4 on these histologic markers is likely confounded with age. 38 A full elucidation of the mechanism of action underlying this robust relationship between age and the clinicopathologic features of AD lies beyond the scope of this study. In one theoretical framework, 39 AD is seen as resulting from the intricate interactions among multiple age-related molecular changes, some programmed and others stochastic, that ultimately engender increased entropy. This elevated entropy is considered the final common pathway to the progressive neural and cognitive decline that characterizes AD. 16, 39 Such theoretical models might prove useful for generating testable hypotheses that further our understanding of the strong covariation between age and the clinical and pathologic features of AD.
A key limitation of this study is its cross-sectional design. Although we have used statistical approaches to estimate the potential for physical activity to ameliorate age-associated pathophysiologic changes within the AD cascade, a truly prospective design (especially in the context of a randomized controlled trial), will be critical to evaluating whether physical activity exerts a causal influence on cognitive/biomarker trajectories in people at risk of AD. Such longitudinal data, as are being collected in the WRAP cohort, will also provide needed evidence concerning rates of progression to mild cognitive impairment/ dementia among asymptomatic middle-aged adults who engage in differential levels of physical activity. Relatedly, our cross-sectional design does not permit us to exclude the possibility of reverse causality (i.e., that favorable biomarker profiles enable physical activity). We also acknowledge that the demographic composition of our cohort might limit the generalizability of our study findings. Lastly, self-reported measures are vulnerable to various sources of bias. Objective measures of physical activity and fitness, such as accelerometry and graded exercise testing, would likely provide more valid estimates of the influence of physical activity on cognitive/biomarker trajectories.
Overall, this study demonstrates that the deleterious effect of aging on AD biomarkers and cognition is attenuated among physically active middle-aged adults at risk for AD compared with their less active peers. If these findings are supported by prospective, controlled studies, it would provide compelling evidence for physical activity as an efficacious approach to AD prevention, particularly in risk-enriched cohorts.
